The polycyclic aromatic hydrocarbons can be organized into an infinite number of series in each of which successive isomer groups differ by C 4 H 2 • The first series starts with benzene, and chemical thermodynamic tables are presented here for C 6 H 6 , ClOHg, C I4 H lO , C 18 H 12 , C 22 H 14 , and C 26 H 16 in the ideal gas phase. Since chemical thermodynamic properties are known for only several polycyclic aromatic hydrocarbons, the properties of indi-. vidual species have been estimated using Benson group values of Stein and Fahr for temperatures from 298.15 to 3000 K. Values of C;, So, arHo, and arGo have been calculated in joules for a standard state pressure of 1 bar. The chemical thermodynamic properties of the isomer groups have also been calculated. This provides a basis for extrapolating to higher carbon numbers where it is not feasible to consider individual molecular species.
Introduction
The chemical thermodynamic properties of the polycyclic aromatic hydrocarbons in the gas phase are of interest because they are formed in flames [1] [2] [3] [4] [5] and are observed in the. vicinity of carbon stars. 6 • 7 Stein and co-workers S -11 have studied the thermodynamics and kinetics of the formation of polycyclic aromatic hydrocarbons in flames and have demonstrated the usefulness of thermodynamics in understanding the complicated reactions that are possible under flame conditions. A mechanism 12 has been suggested for the buildup of polycyclic aromatic hydrocarbons under these conditions.
Balaban and Harary!3 used graph theory to enumerate polycyclic aromatic hydrocarbons. More recently Dias l 4-23 has developed a formula periodic table for benzenoid polycyclic aromatic hydrocarbons by using graph theoretical principles. Dias has discovered mathematical formulas relating numbers of atoms and rings that help clarify the systematics of the polycyclic aromatic hydrocarbons, and he has developed two concepts for the enumeration of their isomers. 16--17 In this paper we examine the benzene series that is represented by the first row in Dias' periodic table. One of the purposes is to see whether the increments in the thermodynamic properties per C 4 H 2 are constant enough so that properties of higher isomer groups may be estimated by linear extrapolation. Table 1 shows the first several isomer groups in the benzene series. The total numbers of isomers exclude structures that overlap, as in the helicene with six rings. The structures of the isomers in the benzene series through C 26 H I6 are given in Fig. 1 . 24 To simplify this figure only sigma bonds are shown. Using current information on Benson groups it is not possible to estimate chemical thermodynamic properties of all of these isomers. Structure 12 of C 22 H I4 and structures 4-6, and 23 OfC 26 H l6 ·can be regarded as helicines in the sense that the hydrogen atom overlaps in the bay region prevent them from being planar molecules. Since the effect of this distortion on the Benson constants is not known, they have been omitted from the tables in this article. Since they would be expected to have significantly higher energies, they would not contribute very much to isomer group thermodynamic properties. The numbers of isomers for which thermodynamic properties are given in this article are given in the last column in Table l .
This article is concerned only with polycyclic aromatic molecules with six-membered rings that are not radicals or diradicals or higher radicals. Since the number of isomers of polycyclic aromatic hydrocarbons increases rapidly with carbon number, it is convenient to use isomer group thermodynamic properties in calculations of equilibrium composi- tions. The tables presented here are of the same type as those published for alkanes,25 alkylbenzenes,26 alkenes,27 alkylnaphthalenes,28 and alky lcyclopentanes and cyclohexanes. 29
Standard Thermodynamic Properties of Polycyclic Aromatic Isomer Groups
When isomers are in equilibrium, the standard Gibbs energy offormation .:lrG°(I) of the isomer groups is defined b y 30.31 where .:lr G ~ is the standard Gibbs energy offormation of an individual isomer and Nl is the number of isomers in the group. The equilibrium mole fractions r i of various isomers in a group can be calculated using
where YI is the sum of the mole fractions of the individual isomers. The corresponding equations for the other standard thermodynamic properties C; (I), S°(l), and .:lfH°(I) can be derived by differentiating Eq. (1) with respect to temperature. 32 When standard Gibbs energies of formation of isomer groups are used in equilibrium calculations for ideal gases the equilibrium mole fractions of isomer groups are obtained.
For the polycyclic aromatic hydrocarbons the standard thermodynamic properties for an isomer group are interrelated by .:lrG°(l) = .:lrH°(l) -T [S°(l) -nCS;raphite
where nc is the number of carbon atoms and n H is the number of hydrogen atoms.
Calculations of Standard Thermodynamic Properties of Benzene Series Polycyclic Aromatic Hydrocarbons using the Benson Method
Experimental data on the polycyclic aromatic hydrocarbons are restricted to the smaller molecules. Fortunately, enough data were available for Stein, Golden, and Benson 33 • 34 to obtain group values for CB-(H), C FR -( ~R )( CD band Crn -( C FR }z (CD) groups; the group values of C FR -( C FR ) 3 were evaluated from graphite. They also calculated the contribution for the 1,5H,H interaction in benzo[c]phenanthrene to .:lrHO(298) to be 4.2 kcal mol-I. The average difference between predicted and measured .:lrHO(298) for 11 polycyclic aromatic hydrocarbons was less than 2 kcal mol-I and generally was within experimental uncertainties. More recently, Stein and Fahr 35 have provided Benson group values with C ~ values up to 3000 K. Although these values are similar to those of Stein, Golden, and Benson,34 two major changes were made: (1) heat capacity values were calculated using the harmonic oscillator -rigid rotor approximation, and (2) the [CPR -(CPR) 3] group were derived from pyrene frequencies 36 rather than from graphite. Two changes have been made in the methods used in previous articles in this series: (1) calculations were made directly in joules with Benson group values injoules and (2) a different function was used to represent C ~ as a function of T. All values of thermodynamic quantities in this article are for a standard state pressure of 1 bar (0.1 MPa) in accordance with the recommendation of the International Union of Pure and Applied Chemistry. 37 The matrix of numbers of contributions was multiplied by the matrix of the Benson values to obtain for each species the sum of the contribution to ArH ~98 , S :nt298 , C~298 , C~ 300' C~500' C~700' C~lOOO' C~1500' C~2000' C~2500' and C~3000' In further steps in the calculation, the effect of symmetry number was included, and the heat capacity values were fit to the
and the values of a, b, c, and dwere used to calculate C~, So, and ArHofrom 298.15 to 3000 K.
The values of ArG ° at various temperatures were then calculated using Eq.
(3).
The new value of the gas constant 38 and the new values for So and K) for C(graphite) and H 2 (g) were used. 39 Table 2 gives the differences between properties of polycyclic aromatic hydrocarbons calculated using the Benson method and those given in the TRC Thermodynamic Tables for benzene, naphthalene, anthracene, and phenanthrene up to 1500 K.40 This comparison has been made earlier with the Stull, Westrum, and Sinke 41 tables for benzene 26 and naphthalene 28 up to 1000 K. The largest difference in Table 2 , that for naphthalene at 1500 K, is apparently due to a typographical error in the TRC tables. There are some differences between experimental values 42 • 43 and values calculated using the Benson method that might be reduced by the addition of more Benson groups, but the basic problem is the shortage of experimental data on the polycyclic aromatic hydrocarbons.
Tables of Standard Thermodynamic Properties of Benzene Series Polycyclic Aromatic Isomer Groups
In Tables 3-8 all of the values have been estimated using the Benson method. Since the increments from one isomer group to the next arc C 4 H 2 in each series, the increments in the properties are given for each series at each temperature. These increments provide a basis for a linear extrapolation of standard thermodynamic properties to polycylic aromatic isomer groups to higher carbon number. Table 7 givesH°(1,T) -H°(1,298.15 K), the standard enthalpy for an isomer group relative to the isomer group at 298.15 K. Table 8 gives values for H°(1,1) -H°(1,298.15 K) + A r H°(l,298.15 K), the standard enthalphy for the isomer group relative to the elements of 298.15 K. This quantity allows the direct calculation of heat effects when the reactants and products are at different temperatures. CHEMICAL 1 Ht:.HMUUYNAMlt; t'I1Ut't:.11 I II:.:» vr-I"'VL 'v, vLlv """VIVI"" II'" n. IJnu"'ru .. ",u ... ~
Equilibrium Mole Fractions Within Benzene Series Polycyclic Aromatic Isomer Groups
The equilibrium mole fractions within isomer groups calculated from standard Gibbs energies of formation are given in Table 9 for the ideal gas state. Since the uncertainties in ~f GO (I) and ~f G ~ are about the same, the uncertainty in the difference is nearly independent of the relative values of the two parameters, but the absolute uncertainty does increase with temperature.
Compounds are named in tables according to the IUP AC Revised and Collected Recommendations for the Nomenclature of Organic Chemistry, 1978. 44 Table 9 shows that there are significant changes in the distribution of isomers within an isomer group when the temperature is changed from 298 to 3000 K. At higher tem-peratures, the relative stabilities are determined primarily by the entropy. The distribution becomes more uniform as tht" temperature is raised.
Standard Thermodynamic Properties of Individual Polycyclic Aromatic Hydrocarbons
The values of C~, So, ~fHo, and ~fGo calculated using the Benson method for the polycyclic aromatic hydrocarbons are given in Tables 10-13 with energy in joules for a standard state pressure of 1 bar.
Discussion
The standard Gibbs energies of formation of the polycyclic aromatic hydrocarbons give their stabilities with re- 9) at several temperatures. To the right of these lines benzene is more stable than naphthalene and to the left naphthalene is more stable.
spect to graphite and molecular hydrogen at 1 bar, but the sequence of decreasing stability depends upon the partial pressure of hydrogen. The choice of graphite and molecular hydrogen is, of course, arbitrary and in thinking about the relative stabilities of the various polycyclic aromatic hydrocarbons in flames, it is of more interest to consider their formation from acetylene. For example, naphthalene can be formed from benzene by the reaction C 6 H 6 (g) + 2C 2 H 2 (g) = ClOHg(g) + H 2 (g).
If at equilibrium, P(ClOHg) = P(C 6 H 6 ) then K = P(H 2 )/P(C 2 H 2 )2,
where K is the equilibrium constant for reaction 7 expressed in terms of pressures. Thus log P(C 2 H 2 ) = -(l/2)log K + (l/2)log P(H 2 ).
(9) Figure 2 shows log P( C 2 H 2 ) as a function of log P( H 2 ) for several temperatures. If at a given temperature the point representing an equilibrium system lies to the right of the line, benzene will be present at a higher partial pressure than naphthalene. To the left of the line naphthalene is more stable. Since the increment in ArGO(I) in going from an isomer group to the next higher isomer group is nearly the same, this plot applies approximately to any successive pair of isomer groups. Therefore Fig. 1 provides a quick method for determining whether growth to higher isomer groups of polycyclic aromatic hydrocarbons will occur spontaneously. The increments in C~(I), SOC!), ArH°(l), and Ar G ° (I) per C 4 H 2 are very nearly constant at a given temperature. This means that the isomer group thermodynamic properties at higher carbon numbers, where it is not feasible to deal with individual molecular species, can be estimated in the temperature range 298 to 3000 K.
The polycyclic aromatic hydrocarbons provide a good example of the usefulness of isomer group thermodynamic J. Phys. Chem. Ref. Data, Vol. 17, No.1, 1988 properties because the number. of components that have t( he considered 1n the calculation of an equilibrium composi tion is very much reduced by considering isomer groups. 
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